Background: The highest incidence of listeriosis, due to consumption of ready-to-eat foods and fresh, shredded, minimally processed vegetables, occurs among pregnant women and the elderly. In order to reduce the prevalence of listeriosis among consumers, better protective measures are recommended. Chitosan films, with or without added essential oils, represent a modern, safe method of preserving the quality of such vegetables and significantly reducing the incidence of Listeria monocytogenes in these foods.
Background
Cabbage is one of the most common vegetables used in fresh salads (1) . The physical and chemical characteristics of cabbage are well-known, and important for healthy nutrition. Cabbage represents an excellent source of vitamin C and a very good source of manganese. It is also a good source of polyphenols and anthocyanins, which are important as antioxidant and anti-inflammatory nutrients. This antioxidant richness and the presence of glucosinolates in cabbage are partly responsible for its cancer-prevention and cardiovascular disease-protection benefits (2) .
Consumption of salad vegetables has increased significantly over the past two decades due to their health benefits. However, eating fresh vegetables carries a number of risks, especially if the vegetables are contaminated with pathogenic microorganisms (3) . Among the pathogens most often associated with vegetables and salads is Listeria monocytogenes (4, 5) . According to Ieren et al. (6) , the highest incidence of this pathogenic microorganism occurs in cabbage, green salads, and tomatoes. The high prevalence of L. monocytogenes in fresh cabbage (95.8%) and ready-to-eat coleslaw (80.1%) in the Accra metropolis indicates that consumers of commercially prepared coleslaws have been extensively exposed to this pathogen (7) . Listeria monocytogenes as a psychotropic organism is capable of growth at refrigeration temperatures, which means that low numbers of initially contaminating cells may proliferate and become hazardous if they are present on or transferred to ready-to-eat foods stored in refrigerators (8) . Consequently, the consumption of minimally processed vegetables contaminated with L. monocytogenes may cause listeriosis in humans. An outbreak of listeriosis in Canada in 1981 was linked to the consumption of coleslaw contaminated with L. monocytogenes (9) , and one of the largest outbreaks of listeriosis, which occurred in 2011 and included several states in the U.S., was caused by consumption of fresh cantaloupe (10) .
Traditional food preservation techniques based on thermal treatments can provide microbiological stability of food, but they are not appropriate for fresh vegetables. To improve the microbiological stability of minimally processed vegetables in today's market, researchers are looking for non-thermal treatments that do not affect the physicochemical properties or nutritional value of these products. A very popular way of preserving the quality of minimally processed, fresh-cut vegetables is the use of chitosan films (11) (12) (13) . The efficacy of chitosan films has been demonstrated for different types of foods, but there is no information on the effects chitosan and the natural compounds of essential oils on cabbage.
Chitosan is a natural biodegradable polymer obtained from chitin, the second most abundant polysaccharide in nature (14) . It has been used extensively in numerous industrial, health, agricultural, and food applications, and is proven to be safe (15) (16) (17) . The use of chitosan as a food antimicrobial is especially attractive, primarily due to the great resistance of consumers against food that may contain chemical substances.
Objectives
The present study was undertaken to evaluate the survival of two strains of L. monocytogenes during storage at 4°C on packaged shredded cabbage, in the presence of chitosan-gelatin films with or without essential oils in different concentrations. The shredded vegetables were inoculated with L. monocytogenes in order to mimic contamination.
Methods

Sample Preparation
Fresh cabbage was purchased from local supermarkets in Sabac (Serbia) and prepared by removal of the outer leaves, then washing and shredding with a shredding machine (Multi Moulinette, Moulinex). The shredded vegetables were weighed into sterile containers in amounts of 100 g and inoculated with a prepared bacterial suspension.
Bacterial Cultures
Two pathogenic strains of L. monocytogenes, ATCC 19112 and ATCC 19115-serotype 4b, both epidemiological isolates, were used in this investigation. The selected species of bacteria originated from the ATCC (American type culture collection, Rockville, MD, USA). Before each experiment, stock cultures of bacteria were propagated through two consecutive 24-hour growth cycles in brain heart infusion agar (BHIA, HiMedia, Mumbai, India) at 37°C. Five well-isolated colonies of each strain were transferred into 10 mL of sterile saline solution (0.85% w/v) to obtain a working culture containing approximately 10 8 CFU mL-1. Next, 1 mL of this suspension was added to each vegetable sample (100 g each), providing an initial density in the vegetables of approximately 10 4 -10 5 CFU g-1.
Preparation of Chitosan-Gelatin Films
Chitosan of medium molecular weight (Mw 190,000 -310,000 Da, 75% -85% deacetylation, Sigma-Aldrich, Germany) was used as a matrix onto which antimicrobial mint and thyme essential oils were incorporated. Chitosan was dissolved in a 1% (v/v) aqueous solution of glacial acetic acid (Merck, Germany) and stirred for 24 hours to ensure total dissolution. The final concentrations of chitosan in the film-forming solution were 0.5% (w/v), 1% (w/v), and 2% (w/v). A solution of white gelatin 6% (w/v) (Centrohem, Serbia) was prepared with 1% (v/v) of acetic acid solution using the following procedure: the gelatin was hydrated for 30 minutes at room temperature, then dissolved at 45°C (water bath) under mechanical stirring until complete dissolution (approximately 20 minutes). The prepared solutions of chitosan and gelatin were mixed in a ratio of 1:1 in order to obtain a homogenous mass that would become viscous upon cooling and create a composite film of chitosan-gelatin. As a reference, a gelatin film containing 6% (w/v) gelatin was prepared.
Approximately 25 mL of chitosan-gelatin solution was prepared for each Petri dish, of which one half was poured into the cover while the other half was poured onto the bottom of the Petri dish. After spilling of the solution, a composite film was allowed to dry at a room temperature under sterile conditions. Until use, films were stored at 4°C. The same procedure was applied to prepare chitosangelatin solutions containing mint or thyme essential oils (Herba Doo, Serbia), which were added to the chitosangelatin solution and mixed for 5 minutes in order to obtain a homogenous mass. The final concentration of tested essential oil in the coating formulations was 0.2% (w/v). To ensure emulsification of the essential oils, dimethyl sulfoxide 0.2% (w/v) (Carlo Erba Reagents, France), was added to each composite film (18).
Application of Chitosan Films
The films were applied to fresh shredded cabbage samples (40 g) using the following procedure: vegetable samples were inoculated with the bacterial suspension and packed between two layers of the composite chitosan film in Petri dishes. The prepared samples were sealed in plastic bags and stored at 4°C until analysis, which was carried out every 24 hours for 6 days.
Microbial Analysis of Vegetables Samples During Refrigerated Storage
The total number of tested bacteria was evaluated periodically throughout the storage period. Treated and untreated shredded vegetables (10 g samples) were subjected to microbial analysis during refrigerated storage at 4°C at the initial point (0 days) and at 1, 2, 3, 4, 5, and 6 days. Under sterile conditions, 10 g of each sample was homogenized for 10 minutes at 150 rpm, using a laboratory shaker (J. P. Selecta, model 3000974), in 90 mL of sterile saline solution (0.85 % NaCl w/v). Serial dilutions of each suspension were prepared and plated on Petri dishes containing PALCAM agar (Hi Media, Mumbai, India), which contained acriflavine hydrochloride (5 mg l-1), polymyxin B (10 mg 1-1), and ceftazidime (20 mg l-1) (19) . The Petri plates were incubated for 24 hours at 37°C.
Statistical Analysis
All experiments were replicated three times. Results are expressed as mean values of three repetitions. Microbiological counts were converted to log CFU g-1 and statistical differences were determined using Student's t-test (Microsoft Excel, 2007) after the analysis of variance. Significance was set at P < 0.05. In order to determine the correlation between two tested bacterial strains, Pearson's correlation coefficient was calculated.
Results
The antimicrobial effect of 0.5% chitosan films against L. monocytogenes ATCC 19115 on shredded cabbage samples was evaluated during 6 days of refrigerated storage at 4°C (Figure 1 ). The number of L. monocytogenes ATCC 19115 increased from 4.6 log10 CFU g-1 to the 7.5 log10 CFU g-1 in the control sample of untreated cabbage. Contact of L. monocytogenes ATCC 19115 with 0.5% chitosan films in shredded cabbage resulted in rapid inhibition of growth compared to the control. Complete inhibition of growth in the presence of 0.5% chitosan films was achieved at 120 hours of storage ( Figure 1) .
The antimicrobial effect of 0.5% chitosan films against L. monocytogenes ATCC 19112 on shredded cabbage is shown in Figure 2 . Significantly increased populations on cabbage did occur with storage at 4°C, whereas significant decreases in L. monocytogenes ATCC 19112 populations occurred in shredded cabbage stored in the presence of 0.5% chitosan films.
The relationship between tested strains of bacteria showed positive and statistically significant coefficient correlations, r = 0.97 and r = 0.96 (P < 0.05) in cabbage alone and in cabbage with 0.5% chitosan film, respectively. (Figure 3) , and the number significantly increased during storage (P < 0.05). Using a 4.7 log initial inoculation level, treatment with 1% chitosan film for the first 24 hours resulted in a decrease of 1.3 log CFU/g compared to untreated cabbages (Figure 3) . However, the same treatment achieved complete inactivation of all L. monocytogenes ATCC 19115 cells on cabbage after 120 hours.
During 6 days of storage at 4°C, in the presence of 1% chitosan film, L. monocytogenes ATCC 19112 populations inoculated onto shredded cabbage decreased from 4.2 log10 CFU g-1 to undetectable levels after 144 hours (Figure 4) . It was observed that the addition of thyme and mint essential oils at a concentration of 0.2% increased the antimicrobial activity of 1% chitosan films in both tested bacterial strains. The relationship between the strains showed positive and statistically significant correlation coefficients, r = 0.98 and r = 0.94 (P < 0.05) in cabbage alone and in cabbage with 1% chitosan film, respectively.
Cabbage samples treated with 2% chitosan films showed a significant reduction of the L. monocytogenes ATCC 19115 population (P < 0.05). In the presence of 2% chitosan films, microbial reduction of 1.1 log10 CFU g-1 appeared after 48 hours of storage, and there were no detectable bacteria after 6 days of refrigerated storage ( Figure 5 ). It should be noted that in this case, application of gelatin with 1% acetic acid can yield a higher reduction in the population of L. monocytogenes ATCC 19115. The combined treatment of 2% chitosan films and essential oils showed a significant reduction (P < 0.05) of the tested bacteria, but this activity was still lower than that achieved with acetic acid alone.
Discussion
Our investigation showed that L. monocytogenes can remain viable on raw shredded cabbage for periods extending beyond their normal expected shelf-life. Manufacturers usually declare the shelf-life of minimally processed cabbage to be 4 -5 days, during which time L. monocytogenes in shredded cabbage can multiply to levels dangerous for humans. The results obtained in the present This could be attributed to high levels of fermentable sugars, such as glucose, which can be readily utilized by L. monocytogenes (21) . Contact of L. monocytogenes cells with all tested chitosan films resulted in decreased bacterial populations. The mechanism of this antimicrobial activity can be explained in various ways (22, 23) . Some authors have suggested that the interaction between positively-charged chitosan molecules and negatively-charged microbial surfaces results in the disruption of cell membranes, leakage of intracellular constituents, and ultimately, microbial cell death (24) . Additionally, according to a second hypothesis, chitosan oligomers can penetrate into prokaryotic cells and interfere with the transcription of RNA and protein synthesis (25) .
The inhibition effect of chitosan films can be attributed in part to a lower pH and to acetic acid, which is used in preparing films. Other authors have reported that the type of acid, molarity, and temperature, as well as pH level, influence the ability of L. monocytogenes to grow (26) . At the same pH, acetic acid was more effective than lactic, citric, malic, and hydrochloric acids. Acetic acid is the predominant acid in films and undoubtedly had a lethal effect on the two test strains of L. monocytogenes examined in this study.
Our results show that chitosan films possess antimicrobial activity that depends on the concentration of the applied films. In this study, 1% chitosan films exhibited greater antimicrobial activity compared to 0.5% chitosan films. The present results indicate that films with higher concentrations of chitosan have more pronounced antimicrobial activity, consistent with previously published data (27) . However, it can be seen that 2% chitosan films exhibit less inhibition of bacterial species than 1% chitosan films. This behavior can be explained by the extremely high viscosity of the chitosan solution. According to Hirano and Nago (28), due to high viscosity, chitosan slightly diffuses through the gel, and activity is consequently decreased. The antimicrobial effect of chitosan films was even more pronounced with the addition of essential oils in this study, which is in agreement with the findings of other authors (29) (30) (31) . Essential oils, due to their antimicrobial activities and safety, have been designated as GRAS (generally recognized as safe) by the U.S. Food and drug administration (32) . Comparison of the effect of mint and thyme essential oils against L. monocytogenes in cabbage in the present study showed that the addition of 0.2% thyme essential oil significantly (P < 0.05) affected the antimicrobial activity of films, compared with chitosan films alone.
On the basis of our results, chitosan-gelatin films have the potential to be used in the food industry as active packaging materials to inhibit foodborne pathogens. Chitosan and essential oils may have a significant impact on the antimicrobial effect of these films. The most prominent activity was shown with 1% chitosan films and 0.2% thyme essential oil. 
